An improved understanding of the spatiotemporal climate/growth relationship of our forests is of particular importance for assessing the consequences of climate warming. A total of 67 stands of beech (Fagus sylvatica L.), pedunculate oak (Quercus robur L.), sessile oak (Quercus petraea (Matt.) Liebl.), Scots pine (Pinus sylvestris L.), and spruce (Picea abies Karst.) from sites located in the transition zone from the lowlands to the low mountain ranges of West Germany have been analysed. A combination of pointer year and cluster analysis was used to �nd groups with similar growth anomaly patterns over the 1941-2000 period. Shi�ed reaction patterns especially characterise differences in the growth behaviour of the clusters. ese are controlled by different reactions to the climate conditions in winter and spring and are determined by a complex system of forcing factors. Results of this study re�ect the enormous importance of the length of the growing season. Increasing the duration of the vegetation period climate warming can change the climate/growth relationship of trees, thereby confounding climate reconstructions which use tree rings. Since forcing factors have been detected that are more important than the tree species, we recommend the application of growth-speci�c approaches for the analysis of tree species� vulnerability to climate.
Introduction
Whereas tree growth at the timberline is mostly limited by only one speci�c dominant factor [1] , growth of temperate forest regions is in�uenced by a multitude of biotic and abiotic factors [2] [3] [4] . is is caused by predominant temperate climate conditions and the fact that mostly native tree species are growing in the range of their natural distribution areas [5] . Nevertheless, climate control is still a crucial forcing factor for annual tree-ring growth in lower altitudes [3] . e 20th century warming trends are extraordinary [6] and steady since the late 1970s [7] and have lengthened the duration of the growing season [8] . An increase of severe climate extremes such as heat waves is inherent with these [9] , whereas changes in precipitation and dryness extremes are less clearly linked [10] . However, a better understanding of the spatiotemporal climate/growth relationships, including the identi�cation of the environmental drivers, is of particular importance [11] [12] [13] to understand climate-induced changes in forest productivity with regard to different tree species and site characteristics. Previous studies have shown that analyses of tree-ring width at lower elevation sites are suitable for climatological interpretations [4, 12, [14] [15] [16] [17] . Comprehensive network analyses have been made by Neuwirth et al. [12] investigating the interannual climate/growth relationship of temperate and humid forest stands within a wide region of mid-latitude Europe. Covering an altitudinal range of 10-2300 m a.s.l., the investigation area is affected by strong environmental gradients, leading to a comparison of temperate with limiting conditions [12] . To further enhance comprehension of the complex climate/growth relationship in temperate forests, Schweingruber and Nogler [18] recommended the analysis of tree growth at a more regional scale. Friedrichs et al. [4] investigated slight variations in oak growth within relatively homogeneous growth patterns on a regional scale. Homogeneous subsets caused by smaller environmental gradients could be identi�ed by grouping splined tree-ring series. Babst et al. [19] similar high-frequency growth variability due to temperature and precipitation anomalies for a supraregional network covering the European continent. Lacking from previous studies is an analysis of multispecies growth anomalies within single years as a response to abrupt changes in climatic conditions on a regional scale. Pointer years are an accepted tool to analyse high-frequency changes in radial tree growth, which are primarily climatologically induced. ey can be interpreted as expressions of rapid environmental changes [20] . Since trees are optimally adapted to their site-speci�c environmental conditions [5, 18] , positive pointer years re�ect optimal growth conditions [12] , with almost all growth factors close to optimum [21] . Extreme environmental conditions lead to reductions of treegrowth [20] . Negative pointer years are a suitable method to detect single environmental factors, which deviate strongly from optimal conditions [21] . As such, our analyses are focused on evaluating negative pointer years, which can be seen as reactions to external disturbances. e pointer year analysis was conducted on the basis of measured tree-ring width values, in contrast to visual approaches described by Kaennel and Schweingruber [22] . e aim of this study is to detect forcing factors for the climate/growth relationships of different tree species in temperate forests. e analysis is based on a multispecies tree ring network of beech (Fagus sylvatica L.; FASY), pedunculate oak (Quercus robur L.; QURO), sessile oak (Quercus petraea Matt Liebl.; QUPE), Scots pine (Pinus sylvestris L.; PISY), and spruce (Picea abies Karst.; PCAB), covering the transition of the lowlands to the low mountain ranges of West Germany. In line with this investigation, a particular approach was applied, combining pointer year analysis with cluster analysis.
Material and Methods
2.1. Research Area and Tree-Ring Data. e research area is situated 6.2-9.1 ○ E and 50.1-51.9 ○ N and covers the transition from the lowlands to the low mountain ranges of West Germany (Figure 1 ). Climatic conditions of the region are characterised by northwesterly atmospheric �ows [23] . ey are predominantly homogeneous with some local differentiations, such as a tendency to more oceanic conditions in the western area and more continental conditions in the eastern parts of the research area. e mean annual temperature over the 1961-1990 period was 9.0 ○ C with a minimum of 0.83 ○ C in January and a maximum of 17.1 ○ C in July. e average annual precipitation was 816 mm, ranging from 53 mm in February to 79 mm in July. e length of the growing season was shortened with increasing altitude and latitude [8, 24] . e dataset contains 67 sites of a continuously extended dendroecological network [4, 16, 17, [25] [26] [27] including stands of beech, pedunculate oak, sessile oak, Scots pine, and spruce. Sites range in altitude from 40 to 710 m a.s.l. and represent a variety of gradients (0-45 ○ ) and aspects. Soil analyses detect cambisols and luvisols as predominant soil types which are also typical for temperate forest regions in West Germany [28] . e available water capacity ranges from low (60-110 mm) to very high (>240 mm) ( Table 1) .
Tree-ring series were prepared using standard procedures [29, 30] . Tree-ring widths were measured with a programme for tree-ring analyses (Time Series Analysis and Presentation; TSAP) in a resolution of 1/100 mm followed by synchronising the series carried out with TSAP [31] and a programme which is used to control the quality of the cross-dating and the treering chronologies (COFECHA) [32] . Tree-ring series were averaged to site chronologies and aerwards to tree-species as well as cluster chronologies. e chronology of all sites including cluster 1 corresponds to the master chronology across all sites.
e four parameters Gleichl�u�gkeit, NET, Rbar, and EPS were calculated on the basis of the undetrended chronologies as measures of homogeneity for each site, treespecies and cluster chronology. e Gleichl�u�gkeit is a sign test of the synchronous year-to-year changes of a single series [3] whereas NET is a combination of the Gleichl�u�gkeit and the coefficient of variation and additionally supplies information about the growth level of the series. Small NET values indicate high signal strength of the mean treering chronology with a maximum of 0 [33] . A threshold of 0.7 was de�ned for Gleichl�u�gkeit and a threshold of 0.8 was used for NET [33] . e interseries correlation Rbar and the expressed population signal (EPS) are based on the correlation coefficient between the single series and were calculated over 30 years, lagged by 15 years. EPS is a function of Rbar and the series replication. EPS values increase with sample size and interseries correlation [34] and should remain above the commonly applied threshold of 0.85 [35] . Site chronologies were considered to be homogeneous when at least two parameter values satis�ed the de�ned thresholds.
Climate Data.
To investigate climate/growth relationship, gridded (0.5 ○ × 0.5 ○ ) datasets of monthly temperature and precipitation series [36] were used. e climate data from all grid points covering the research area were averaged and prepared as anomalies with respect to the 1961-1990 reference period. Climate data were classi�ed using thresholds of ±1 , ±1.5 , and ±2 to divide them into "hot, " "very hot, " and "extremely hot" as well as "cold, " "very cold, " and "extreme cold, " respectively.
2.3.
Methods. e detection of stands with similar growth behaviour in single years within the multi-tree-species network was carried out over the 1941-2000 period and combined two different techniques, a pointer year and a cluster analysis.
To emphasize annual growth reactions in answer to extreme environmental conditions, comparable values for extreme growth years were calculated aer Cropper [37] . Raw tree-ring series were standardized by using a 13-year moving average and calculating ratios. Aerwards a -transformation was applied to normalise these values resulting in the Cropper series with a mean of 0 ( ) and a standard deviation of 1 ( ).
Cluster analysis was performed to detect sites showing similar increment patterns due to climatic in�uences, modi�ed by the site's ecologic conditions [4, 17, 38, 39] . Site-speci�c Cropper series were grouped, stepwise, using hierarchical cluster analysis. To induce a clear separation of the resulting clusters, Ward's method was applied, using the squared Euclidian distance as a measure of similarity [17, 40] . e intergroup variance was then maximised while the intragroup variance was minimised [39] . An indicator for determining the number of clusters was a jump in the squared Euclidian distance between two steps of the cluster analysis, bigger than all those preceding [41] .
For each cluster, the so-called cluster plots were calculated by averaging all corresponding site-speci�c Cropper series. Years with values above +1 and below −1 were de�ned as pointer years of which these years, re�ected by at least 80% of the sites of a cluster, were de�ned as "characteristic" for the cluster. Characteristic pointer years were classi�ed with respect to standard deviation ( ) units. Anomalies larger than ±1 were de�ned as "weak, " ±1.28 as "strong, " and ±1.645 as "extreme" pointer values. Attributes such as tree species or site ecological aspects appearing only by one of the clusters which were combined in the following grouping step were de�ned as differentiating criteria. For each grouping step, characteristic pointer years for corresponding clusters as well as differentiating criteria have been detected. For each cluster and for each tree species, a speci�c variance value of growth anomalies was calculated, by averaging the Cropper value variances per year over the 1941-2000 period (VaC).
Analysis of the climate/growth relationship of each group was carried out by interpreting cluster-characteristic growth anomalies with the corresponding climatic conditions. To maximise the quality of the interpretation of the cluster-speci�c climate/growth relationship, only these climatic in�uences could be used with high probability, which could be detected in several cluster-speci�c pointer years [21] . Growth reactions due to the same climatic impact occurring in one cluster in the same year as the climatic event and in another cluster one year later were de�ned as shied reactions.
Results
3.1. Homogeneity. e parameters Gleichl�u�gkeit, NET, Rbar, and EPS con�rm the homogeneity of all analysed site chronologies ( Table 1 ). Chronology statistics for cluster 1 refer to the overall homogeneous growth behaviour within the research area, re�ected by values of NET, Gleichl�u�gkeit, Rbar, and EPS, which suffice the recommended thresholds ( (8, 9, 12) , two beech clusters (10, 11) , one spruce (13), one Scots pine (15) , and one coniferous tree (14) VaC is comparably high (0.58). One grouping step before, cluster 2 and 3 can be differentiated by their reaction pattern concerning the year of tree reaction. Both of them have a VaC value of 0.49. As parts of cluster 2, oak clusters 8 and 9 distinguish themselves by site ecological aspects. e oaks from plain wet lowlands (cluster 8) have a lower VaC value than those from low mountain range regions (cluster 9). One plain wet lowland site (site 23, Table 1 ) is classi�ed into cluster 9. As parts of cluster 3, clusters 4 and 5 differ in tree species.
Beech cluster 4 has a smaller VaC value than the mixed species cluster 5. As parts of cluster 4, eastern beech cluster 10 and low mountain range cluster 11 can be distinguished by continentality. As parts of cluster 5, clusters 12 and 6 are differentiated by tree species. Cluster 12 consists of eastern oaks and has the lowest VaC value of all groups (0.1). One eastern oak stand (site 9, Table 1 ) is classi�ed into cluster 9. e variance value of coniferous tree cluster 6 is still high (0.55). One grouping step before, low mountain range spruce cluster 13 differs from cluster 7 in both tree species and continentality. Cluster 13 shows the highest VaC value of the �nal clusters. As parts of cluster 7, the eastern coniferous tree cluster 14 and the low mountain range Scots pine cluster 15 also distinguish themselves by tree species and continentality. Clusters 10, 12, and 14 are located east of 8 ○ 57 ′ E, with VaC values comparably lower in relation to the more westerlysituated clusters.
Climatological Interpretation of the Characteristic Pointer
Years. Characteristic pointer years are classi�ed according to their main climatic conditions in six pointer year types (PYTs) characterised by (1) a hot previous year and a cold summer of the current year, (2) coldness + dryness, (3) coldness + wetness/lack of solar radiation, (4) a hot previous year and a hot and dry summer, (5) dryness in combination with drought in summer of the current year, and (6) dryness in spring, especially during a hot May. In addition to these typical attributes, further climatic criteria can be detected as having in�uenced the tree's reactions in these years ( Figure 3 ). Years of PYT 1 (previous year hot, summer of the current year cold) are 1947/1948, 1959/1960, 1984, 1996 1956, 1962/1963, 1973, and 1991 
Ecological and Climatological Interpretation of the Clusters.
Each of the clusters is determined by its characteristic pointer years as well as speci�c ecological criteria (Table  3) . 1976 and 1996 are characteristic for each cluster, with the exception of 1976 in cluster 2 and cluster 9 and 1996 in cluster 10. Final clusters show a more homogeneous increment pattern than all sites including cluster 1, resulting in smaller VaC values and a predominantly higher number of characteristic pointer years, respectively ( Figure 2 , Table 3 ).
Several controlling factors for climate/growth relationships can be detected, most importantly shied reactions of the clusters, followed by tree species and site ecological or topographical aspects. Stands located east of 8 ○ 57 ′ E form individual groups showing in general stronger reactions in response to dryness than those of the western part of the research area. In the following, the interpretation of the clusters begins with the largest (cluster 1) and ends with the de�ned clusters. For cluster 1�7, a description of typical ecological attributes is not meaningful because of the high number of corresponding sites showing diverse topographical and ecological features ( Table 3) . Cluster 1 contains all investigated sites representing �ve tree species. �ere are only two negative pointer years, 1976 and 1996, in which more than 80% of the sites show Cropper's values smaller than −1 . Both of these are strong negative pointer years and appear in each cluster with a different intensity. In general, the investigated temperate forests show strong negative growth anomalies in response to the climatic conditions of PYT 1 (1996) and PYT 4 (1976) . 1947 1959, 1963, 1968, 1976, 1981, 1996 1996 1956, 1976, 1991 1960, 1973 e differentiation of clusters 2 and 3, the parts of cluster 1, can only be explained by their shied reactions concerning 1947/1948 and 1959/1960, neither by tree species, nor by site ecological or topographical aspects. Beside 1996 in cluster 2 and 3 and 1976 in cluster 3, there are no negative pointer years that appear in more than 80% of sites.
Because of obvious differences in interannual increment pattern in terms of shied growth reactions, further pointer years are interpreted as characteristic. Cluster 2 consists of 26 oak stands from the lowlands and the low mountain ranges and one oak site from the eastern part of the research area. ere are sessile oak as well as pedunculate oak sites. Five years are classi�ed as characteristic for this cluster: 1942 (70% of the sites react), 1947 (65% of the sites react), 1959 (78% of the sites react), 1981 (65% of the sites react), and 1996. Negative growth reactions occur in cluster 2 when climate conditions in the winter are extremely cold and dry followed by a dry spring, such as that in 1942 and 1996. Lower temperatures and high precipitation values, along with a lack of solar radiation, in August 1941, July 1942, July 1980, and June and October 1981 also reduce the tree growth. Extremely cold and very dry winter months provoke immediate growth reductions in response to a hot/extremely hot and dry/extremely dry growing season (PYT 5; 1947 , 1959 .
As well as �ve sessile oak sites, cluster 3 contains all the investigated stands of beech, Scots pine, and spruce. is group is characterised by 1948 (78% of the sites react), 1960 (68% of the sites react), 1976, and 1996. Compared to cluster 2 there is a shied reaction in 1948 and 1960 to the hot and dry summer/growing season in 1947 and 1959. us, climatic conditions of PYT 1 (1947 PYT 1 ( /1948 PYT 1 ( , 1959 PYT 1 ( /1960 PYT 1 ( , 1996 and PYT 4 (1976) are growth reducing.
Whereas cluster 2 is affected by cold and dryness during the winter months followed by a hot and dry summer, as well as lower temperatures and a lack of solar radiation in previous year autumn and current year summer, growth of cluster 3 is less in�uenced by the climate conditions in winter. However, it is more susceptible to summer heat and dryness in the year prior to ring formation. e mixed oak clusters 8 and 9, parts of cluster 2, are differentiated by site ecological and topographical aspects. Cluster 8 contains plain oak stands in the lowlands characterised by soil wetness. Cluster 9 includes oak stands of the low mountain ranges as well as two pedunculate oak stands from the lowlands on more inclined sites, one plain wet lowland oak stand (site 23), and one eastern oak stand (site 9). 1996 is characteristic for both of the clusters but for cluster 9 more important (extreme negative pointer year). Cluster 9 is characterised only by two negative pointer years, 1942 and 1996, along with a comparatively high VaC value (cluster 9: 0.45; cluster 8: 0.35). is comparably lower homogeneity re�ects the varied ecological spectrum of lowland and low mountain range sites belonging to cluster 9. Beside winter dryness and cold during 1996 and 1942, lower temperatures and high precipitation values, along with a lack of solar radiation, in August 1941 and July 1942, as well as the dry April are crucial for cluster 9.
For cluster 8 seven pointer years are classi�ed as characteristic (Table 3 ). Climatic conditions of PYT 1 (1996) , PYT 4 (1976) , and PYT 5 (1947 PYT 5 ( , 1959 lead to strong, even extreme (1947) growth reductions. While cold, particularly in the previous year (1963, 1981) and during winter (1963) , that in�uences tree growth in a negative manner, high precipitation values, along with a lack of solar radiation, in previous year's summer and March (1981), and summer and autumn months (1968, 1981) cause stress.
Both of the groups are strongly negatively in�uenced by coldness as well as by a lack of solar radiation in previous and current year's summer. Whereas climatic conditions in March are important for cluster 8, April moisture controls the growth of cluster 9. Hot and dry conditions during the growing season aer a hot previous year's summer restrict the growth of cluster 9 less. e differentiation of clusters 4 and 5, as parts of cluster 3, is apparently conditioned by tree species. While cluster 4 includes all beech sites, cluster 5 contains �ve sessile oak sites situated in the east of the research area as well as all conifer sites.
Cluster 4 and 5 are both characterised by 1976 and 1996; additionally, cluster 4 is extremely negatively affected by 1948 and 2000. More than 80% of the beech sites react with a negative growth anomaly smaller than −1 when previous climate conditions correspond to PYT 1 (1947 PYT 1 ( /1948 PYT 1 ( , 1996 PYT 1 ( , 2000 and 4 (1976) . In 1960 only 76% of the beech sites react with a negative pointer year. While summer in 1960 is comparably cold, similar to 2000, the previous year's summer is less hot than those during the years 1947/1948, 1976, 1996, and 2000 . Hence, the most important factor for growth reduction in beech is a hot previous year's summer. e in�uence of previous year's heat and dryness seems to be crucial for beech growth.
Cluster 5 clearly shows less homogenous growth behaviour than beech cluster 4, which is re�ected by a comparatively high VaC value (0.55 versus 0.31 for cluster 4). Additionally, there are no further characteristic pointer years other than 1976 and 1996 that are characteristic for nearly all clusters.
Beech clusters 10 and 11, as parts of cluster 4, are differentiated by the degree of continentality. Cluster 10 contains all beech stands located east of 8 ○ 57 ′ E. ese beeches show growth reductions in years of PYT 4 (1976 PYT 4 ( , 1983 . In 1983, the entire previous year's growing season is hot/very hot in combination with a dry previous July followed by a hot/extremely hot and dry/very dry summer. In spite of high precipitation values in April and May, cluster 10 reacts with an extreme growth reduction (−1.66 ). Water supply at the beginning of the growing season is not high enough to compensate for the following summer dryness.
Furthermore, climatic conditions of PYT 1 (1947 PYT 1 ( /1948 PYT 1 ( , 2000 lead to growth reductions of cluster 10. In 1947/1948, the very dry previous year's summer strengthens growth reductions. No signi�cant negative reactions can be detected in 1959/1960, 1984, and 1996 belonging also to PYT 1. Whereas in 1947/1948 and 2000 the entire previous year's growing season is hot/extremely hot, in 1984 and 1996 only single months are extremely hot. Furthermore, high precipitation values in the previous May and May 1984 appear to lessen the in�uence of dryness. In 1959/1960, temperature anomalies during the previous year's growing season are clearly of lower magnitude than those in 1947/1948. Additionally, high precipitation values in August and October may have positively in�uenced the growth of cluster 10, which is predominantly limited by dryness. Negative growth anomalies in 1963/1964 also reveal the sensitivity of cluster 10 to dryness. Additionally, the very cold October in 1964 could shorten the growing season. Cluster 11 contains all other beech stands. ese respond strongly to PYT 4. High precipitation values in March and April 1983 lead to the absence of negative growth reactions of cluster 11, revealing the lower sensitivity of cluster 11 to dryness compared to cluster 10. e strong growth reduction in 1990 refers to a vulnerability particularly to climatic conditions of PYT 6. e absence of negative reactions in 1988 and 1989, belonging also to PYT 6, re�ects the importance of climate conditions in the previous May for cluster 11 .
Climate conditions of PYT 1 are, however, crucial for growth reductions of cluster 11 (1948, 1960, 1996, 2000) . Hence, summer coldness is of high importance for growth reductions of cluster 11, whereas growth of cluster 10 is more heavily in�uenced by permanent dryness, especially in previous and current years' summers and by coldness at the end of the growing season. Previous year's heat is crucial for the growth performance of both beech clusters; the growth of cluster 10 is also controlled by the duration and intensity of the hot period.
e differentiation of the parts of cluster 5, cluster 6 (coniferous trees), and cluster 12 (�ve sessile oak sites) is also determined by tree species. Cluster 12 contains all oak stands situated east of 8 ○ 57 ′ E, with the exception of site 9. Climate conditions are more continental than those in other parts of the research area. Whereas cluster 6, according to cluster 5, only shows the characteristic pointer years 1976 and 1996 in combination with an even high VaC value (0.55), oak cluster 12 is characterised further by 1948, 1960, 1964, 1973 , and 1988 (VaC 0.1). Negative growth reactions of cluster 12 are caused by climatic conditions of PYT 1 (1947 PYT 1 ( /1948 PYT 1 ( , 1959 PYT 1 ( /1960 PYT 1 ( , 1996 in combination with a very dry beginning of the growing season of the current year (1996) and PYT 4 (1976) . Probably, high precipitation values in August and October 1960, along with a lack of solar radiation, also lower the growth performance of eastern oak. Dryness during the growing season leads to negative growth anomalies of cluster 12 (1964, 1973, 1988) . In 1973, dryness already begins in previous year's October with a maximum in July (−1.81 ) affecting a stronger growth reduction than detected for 1964 and 1988. e extremely wet March in 1988 (+2.65 ) primarily lowers the dryness in the following growing season, but a simultaneous negative impact due to too little solar radiation cannot be excluded here. In 1976 the growth reduction is the strongest (−1.72 ). us, dryness especially in the summer months of the current year and in the late summer/autumn of the year prior to ring formation is the most important growth limiting factor for oak sites in the region eastwards of 8 ○ 57 ′ E. Coldness, a lack of solar radiation, or dryness at the beginning of the vegetation period can enhance growth reductions.
Clusters 13 and 7, composed of clusters 14 and 15, are parts of cluster 6. ey can be differentiated by tree species in combination with the degree of continentality. Cluster 13 consists of all spruce stands located west of 8 ○ 57 ′ E and shows 1976 (PYT 4), 1948, 1984, and 1996 (PYT 1) as characteristic pointer years. In 1983 (PYT 4), high precipitation values in April and May lead to an absence of negative growth reactions of cluster 13. Similar to cluster 11, climatic conditions of PYT 1 reduce growth of cluster 13 (1947/1948, 1984, 1996) . e extremely high precipitation values in previous year's May and the current May as well as in September 1984, along with a lack of solar radiation and below-average temperatures, have growth-reducing effects. In 1960 and 2000, also characterised by summer coldness, cluster 13 does not react with negative growth anomalies. Whereas coldness begins in 1984 and 1996 in May, and in 1948 in June, belowaverage temperatures �rst occur in 1960 and 2000 during July.
Cluster 7 mainly includes stands of Scots pine. VaC is comparably high (0.48), re�ecting low homogeneous growth reactions of the corresponding sites also shown in the low number of characteristic pointer years, 1973 (PYT 2), 1976 (PYT 4), and 1996 (PYT 1). All of these years show belowaverage precipitation values over large parts of the growing season, leading to the assumption that dryness is the most important growth-limiting factor for cluster 7.
Cluster 14 and 15 are differentiated by topography in terms of the degree of continentality. Cluster 14 consists of all spruce and Scots pine stands located east of 8 ○ 57 ′ E. Cluster 15 contains all other Scots pine stands. For both clusters, VaC is smaller than that for cluster 7 (cluster 14: 0.28; cluster 15: 0.42; cluster 7: 0.48).
Cluster 14 shows negative growth anomalies in response to the climatic conditions of PYT 1 (1996) and PYT 4 (1976) . Additionally, in 1996, winter and April are very/extremely dry. Because of wet conditions in April and May 1983, no negative growth anomaly occurs in this year. Beside 1996, no negative growth anomalies occur in any other year of PYT 1. All of these years show above-average winter temperatures, especially 1947/1948. Dry conditions in winter and summer reduce growth in the years 1964 and 1973; in 1989 this is further in�uenced by an extremely dry May. In 1964, the growing season is probably shortened by very low temperatures in October. Additionally, extremely cold conditions in winter 1963 lead to an extreme growth reduction in eastern coniferous growth (−1.77 ). Only clusters in the eastern part of the research area (cluster 10, 12, 14) are affected by the climatic conditions of 1964. Among these clusters, coniferous tree cluster 14 shows the strongest reaction, followed by clusters 10 (−1.55 ) and 12 (−1.18 ). Growth of eastern coniferous tree cluster 14 is mainly limited by dryness in summer and May. Winter dryness causes a lack of moistness at the beginning of the vegetation period, whereas aboveaverage winter temperatures enhance growth performance. e climatic conditions of PYT 1 (1959 PYT 1 ( /1960 PYT 1 ( , 1996 and PYT 4 (1976) limit the growth of Scots pine cluster 15. Reasons for the absence of negative growth anomalies in 1983 (PYT 4) and the other years belonging to PYT 1 are similar to those described previously for cluster 14. e growth anomaly in 1959/1960 detected in cluster 15 is possibly caused by a lack of solar radiation in combination with below-average temperatures in August and October. ese high precipitation values in turn have a positive in�uence on the growth of cluster 14, limited mainly by dryness. Similarly, eastern beech cluster 10 does not show a negative growth anomaly in 1960. Climate conditions of PYT 4 lower growth of cluster 15. An extremely cold February and a cold/extremely cold growing season (1956) also reduce growth, as do dryness in winter (1973) and the growing season (1973, 1991) in combination with a very/extremely cold spring or summer.
Tree growth of cluster 15 is less strongly limited by dryness compared to cluster 14 and more reduced by coldness during winter and growing season. Winter temperatures are crucial for the growth performance of clusters 14 and 15.
Discussion
Grouping of the Cropper series leads to the detection of eight subsets of trees with speci�c growth anomaly patterns within an already fairly homogeneous growth behaviour on a regional scale. Nearly all of these subsets can be explained by the detected driving factors, which control the climate/growth relationships of the different groups. is is possible for a tree-ring network consisting of �ve tree species in the transition zone from the lowlands to the low mountain ranges in temperate forest regions of Germany. e group assignment of only one site cannot be explained by ecological and climatological features.
Results show predominantly more homogeneous growth patterns for the clusters than for the species-speci�c groups, con�rming the progress of this particular growth-speci�c clustering process in contrast to widely used species-speci�c approaches. While in numerous studies the species-speci�c vulnerability to changing climatic conditions has been analysed [16, 42] , results of this investigation lead to the assumption that it is not primarily the tree species but a shied tree reaction that is the most important forcing factor for the climate/growth relationship. ese �ndings can only be detected using this particular growth-speci�c clustering approach.
Whereas Neuwirth et al. [43] can detect immediate reactions of oak stands and lagged reactions of beech stands from the northwest German low mountain ranges, this study shows that shied growth reactions are mainly not controlled by tree species as evidenced by the immediate as well as lagged reactions of oak groups. Z'Graggen [21] suggests an enhancing effect of previous year's autumn and winter dryness on spring dryness. We hypothesise that clusters which are strongly in�uenced by winter/spring dryness are already weakened when dryness and heat begin in summer, thereby leading to an immediate growth reduction in the same year. However, these groups, which are predominantly susceptible to summer heat and dryness, react in the year aer the climatological event. Lebourgeois and Ulrich [44] detect an earlier onset of the growing season for oak stands between 10 and 15 days in the warmer, more oceanic and southerly regions of France, when compared to the beginning of the vegetation period of the more continentally located oak stands. is corroborates our assumption that the more continentally situated oak stands are less in�uenced by winter/spring dryness. Furthermore, the annual timing of the growing season is primarily controlled by temperature [45] , and an increase of altitude delays budburst [44] . A later beginning of the growing season due to altitude would explain the impact of climatic conditions in March 1981 for plain wet lowland cluster 8 and the climatic in�uence in April 1942 on higher altitude cluster 9. For cluster 8, this impact occurs in March, whereas for cluster 9 it occurs later, during April. is may also explain the fact that 1947 and 1959 are characteristic for lowland cluster 8 only, but not for cluster 9 which is, on average, located at higher elevations. In cluster 9 stands react during 1947 or 1948 and predominantly, but less than 80%, in 1959. Cluster 9 stands that react during 1947 and 1959 are located predominantly at lower altitudes than those that react during 1948 or indeed do not react during 1959. However, there are stands that show growth reduction in 1947 as well as in 1948 but are situated at lower altitudes than those that react in only 1947 or 1948. Furthermore, a species-speci�c differentiation such as that detected by Friedrichs et al. [4] , with pedunculate oak growth controlled by winter and spring climatic conditions and sessile oak growth in�uenced mainly by �une precipitation, can not be con�rmed here. is suggests perhaps a more complex system of controlling factors of cluster 9, as indicated by the high VaC values and the low number of characteristic pointer years. For beech, Lebourgeois and Ulrich [44] detail a later beginning of the growing season. However, due to the higher elevation (∼ 400/1000 m a.s.l.) of the French tree-ring network beech stands than their oak stands (200 m a.s.l.), we cannot transfer their �ndings to our network� in this study beech and oak stands both show a similar altitude distribution. Due to a relatively homogeneous topographical distribution of all our investigated stands, we assume that a complex interaction of forcing factors control the stronger in�uence of early spring climatic conditions on tree growth of cluster 2, when compared to cluster 3.
Climatic conditions in the eastern sector of the research area can be described as more continental than these in the western sector [26] . Comparably lower VaC values con�rm a higher homogeneity of the easterly located clusters and re�ect a stronger climate control of the corresponding stands. Noticeably, chronology statistics are most favourable for the eastern oak cluster, which reveal its strong reaction to climate and complement the �ndings of Bonn [15] , who identi�es beech as the most sensitive tree species. Beside a delayed growing season, as discussed above, the amount of water supply is smaller for easterly situated clusters. Trees growing on dryer sites are generally more sensitive to drought [2, 46] , thus explaining the comparably stronger reactions of the eastern stands to dryness. e occurrence of negative growth anomalies in 1964 is typical for stands exposed to more continental conditions. While dryness is, with the exception of the winter months, not strong or extreme, its extended persistence leads to growth reductions. Neuwirth et al. [43] detect the contribution of low autumn temperatures, such as those seen in 1964, to negative growth reactions of beech in the same year. e duration of the vegetation period is generally limited by daily mean temperatures above 5 ○ C [8] . Below-average autumn temperatures at the end of the growing season can, especially in more continental regions, lead to an earlier end of the physiological productivity and smaller ring widths. e degree of continentality is an important driving factor for the climate/growth relationship at a regional scale and is empirically de�ned in this study with a threshold delineated here as east of 8 ○ 57 ′ . is result is similar to �ndings of Babst et al. [47] , regarding the existence of a boundary that separates temperature-and moisture-sensitive areas on a continental scale. e eastern oak stand which does not belong to cluster 12 could be in�uenced by more oceanic climatic conditions because of its lower situation close to the Edersee compared with stands belonging to the eastern oak cluster ( Table 1) .
Growth of the oak clusters and of the spruce cluster is in�uenced by extremely high precipitation values, predominantly at the beginning or at the end of the vegetation period. Whereas sufficient precipitation normally affects growth positively, extremely high precipitation values have a negative in�uence on tree growth and can be interpreted as a resonance effect, going along with lower temperatures [38, 48] and a lack of solar radiation. A strong positive relationship between Norway spruce growth and intercepted radiation is demonstrated by several authors including Bergh et al. [49] . A clear designation of the impact of high precipitation anomalies is, however, not always possible. Clusters that are very sensitive to dryness at the beginning of the growing season may also be in�uenced positively by extremely high precipitation values, thereby lessening the in�uence of any subsequent dry months. is may result in missed negative reactions, such as that during 1984 where cluster 10 does not show a growth reduction in spite of an extremely hot and very dry previous year's summer due to extremely high precipitation during previous year's May, this compensating for the effects of the previous year's dryness.
In general, beech growth is negatively affected by previous year's heat and dryness [19] . Above-average temperatures, in combination with a de�cit of precipitation in June and July of the year prior to ring formation, stimulate the formation of �ower buds and potentially lead to a beech mast [50] . Negative correlations are detected between fruit production and radial growth [51] . Oswald [52] suggests that treering width can be reduced by 50% in good mast years. However, other studies discuss that reserve substances that are needed for a radial tree growth are not necessarily mainly used for fructi�cation but that climate conditions enhancing reproductive growth have a coincident limiting in�uence on the radial tree growth [53, 54] . In succession to Neuwirth et al. [43] and Fischer and Neuwirth [26] , it was possible to differentiate beech sensitivity to climate by detecting two beech groups that both react with growth reductions to previous year's heat, but, conversely, both show cluster-speci�c climatic sensitivities. Whereas growth of the low mountain range beech stands is more limited by coldness during summer, growth reductions of the easterly located beech stands are more controlled by permanent dryness, particularly dryness in the previous and current year's summer and coldness at the end of the growing season.
Winter temperatures can have a positive in�uence on the growth performance of coniferous trees, which may be explained by supplementary rates of photosynthesis, because needles are photosynthetically active when temperatures are above freezing even in the winter months [55] . e impact of growth-reducing climatic factors can be weakened or compensated due to above-average temperatures during winter.
For spruce cluster 13, the growth-enhancing impacts of the above-average winter temperatures, such as those seen in other coniferous tree clusters, cannot be identi�ed here. According to Neuwirth [38] , below-average precipitation in March 1948 likely results in a lack of any positive impact from warm and wet winter conditions during 1947/1948. His results suggest that, aer mild winters, the precipitation volumes around the onset of the growing season are important for the growth performance of spruces below 750 m a.s.l. While solar radiation has a strong positive in�uence on spruce growth, coldness in May and summer can reduce growth, as can drought, particularly in June [56] .
Western Scots pine cluster 15 is limited by dryness, albeit less strongly than the more easterly situated coniferous tree cluster 14; however, it is also limited by cold during the growing season. Winter coldness precludes additional photosynthetic activity in both clusters 14 and 15. Clusters characterised by a more continental location could be found for all of the broadleaved tree species. Only coniferous tree species form one easterly situated cluster. is is likely caused by the comparably low number of coniferous stands. Further investigation, including more Scots pine and spruce stands, is now necessary to gather more results supported by statistical evidence.
Conclusion
We investigate an extended tree-ring width network of �ve tree species in temperate forest regions of West Germany. We adopt a particular approach whereby we group sites with similar growth anomaly patterns. Here we show for the �rst time that growth clusters with homogeneous interannual increment patterns regarding growth anomalies in single years can be detected on a regional scale. Climate/growth relationships of these groups are controlled by several ecological factors, such as tree species, soil moisture, or continentality. Overall, the tree species is not the most important controlling factor. Our analyses show that, �rst of all, shied reactions due to differing in�uences of coldness and dryness in winter and spring distinguish growth behaviour of the clusters. e tree reaction to climatic conditions in early spring is determined by a complex system of controlling factors and cannot clearly be described by just one forcing factor, such as altitude, continentality, or tree species. e length of the growing season clearly plays a major role. Increasing the duration of the vegetation period due to climate warming is likely to change the climate/growth behaviour of the trees, considerably complicating the climate reconstructions. General statements concerning tree species' reactions to climate are not necessarily valid for stands in temperate forest regions with various topographical and ecological features. Growth controlling factors that are more important than the tree species can only be detected using a particular growth-speci�c clustering approach. Analyses of climate sensitivity in temperate forest regions should therefore be based on growth-speci�c approaches rather than species-speci�c grouping approaches.
